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Characterization
Inductively coupled plasma-optical emission spectroscopy (ICP—OES) was analyzed by OPTIMA
8000 (Perkin - Elmer). Transmission electron microscopy (TEM) and high-angle annular dark-field

scanning transmission electron microscopy (HAADF-STEM) images were obtained by a FEI Tecnai G2
F30 microscope. The Brunauer—-Emmett-Teller (BET) surface area, pore volume, and pore size
distribution of the samples were measured with an ASAP 2020M instrument using adsorption of N, at
77 K. Prior to adsorption analysis, the catalysts were degassed in a flowing N, at 300 °C for 3 h. The
phase purity and crystal structure of the catalysts were examined by X-ray diffraction (XRD, PANalytical
X'Pert3 Powder diffractometer), using Cu Ko radiation (A=0.154 32 nm). Raman spectra of samples were
acquired on an InVia Reflex Raman microscope equipped with a 532 nm laser. UV—vis spectra were
recorded on a UV—vis spectrometer (Lambda 950) with 650 nm wavelength. As white standard, MgO

powder was employed in the same geometry as the sample.

Diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) was measured on a Nicolet

6700 spectrometer operated at a resolution of 4 cm™! with 32 scans. For CO adsorption measurements,

For CO adsorption measurements of fresh catalysts, the samples were reduced in hydrogen at 500 °C for

6 h, then purged with He and cooled down to 50 °C. After the collection of background spectrum, the

sample was exposed to 5% CO/He (50 mL/min) for 10 min. To acquire the information related to

deuterium species, the sample was reduced at 500 °C in H, and then cooled down to 50 °C in a flow of

He. After collection of background spectrum, the sample was exposed to D, for 10 min and the spectra

was collected.

Hydrogen temperature-programmed reduction (H,-TPR) of as-prepared catalysts was carried out on a

Micromeritics AutoChem II 2920. The catalyst (100 mg, sieve fraction 0.30—-0.56 mm) was pretreated in

Ar at 150 °C for 60 min and then cooled to 50 °C. Afterward, the samples were heated in a flow of 10%

H,/Ar mixture (30 mL min') to 600 °C at a rate of 10 °C min’!. Temperature-programmed desorption
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(TPD) experiment was also performed using the same AutoChem I 2920 equipment. A sample (100 mg)
was reduced in H; at 500 °C for 6 h, and then purged with Ar and cooled to 400 °C. Afterwards, the gas
flow was switched to pure H, for sample exposure at 400 °C for 1 h. After cooling to 50 °C, the sample
was purged with Ar for 1 h, and then heated to 600 °C at a rate of 10 °C/min. A Hiden Analytical HPR-
20 mass spectrometer was used to monitor the water (m/z=18) and hydrogen (m/z=2) signals. Carbon
monoxide temperature-programmed reduction (CO-TPR) was performed using the same AutoChem II
2920 instrument. The fresh sample was exposed to H, at 500 °C for 2 h, and then cooled to 50 °C.
Afterwards, carbon monoxide was introduced, and the sample was heated from 50 °C to 900 °C at a rate
of 10 °C/min. The mass signals were obtained by a HPR-20 mass spectrometer.
Temperature-programmed surface reaction (TPSR) measurement was carried out on the same
AutoChem II 2920 instrument. The reduced sample was exposed to D, or N, at 400 °C for 1 h, and
then cooled to 50 °C in the gas selected for exposure. Finally, the feed gas was switched to a
3.3%N,—10%H,—Ar mixture, and the catalyst was heated to 600 °C.
Mass and Heat Transfer Calculations for Ammonia Synthesis over Ru/CeOQ,-N,H,
Mass and Heat Transfer Calculations for Ammonia Synthesis on Ru/CeO,-N,H,

Mears Criterion for External Diffusion (Fogler, p841; Mears, 1971)

-1, pykn
k.C,

c

If < 0. 15, then external mass transfer effects can be neglected. (S1)

~74'= reaction rate of nitrogen, kmol/kg-cat-s
n = reaction order with respect to N, (e.g. K. Aika et al, Appl. Catal., 28(1986) 57-68).
R = catalyst particle radius, m

pp = bulk density of catalyst bed, kg/m?

Cap = bulk gas concentration of nitrogen, kmol/m?3
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k. = mass transfer coefficient, m/s

— 1, p,fn

O = [3.1 x 10" kmol-Ny/kg-cat-s] [910 kg/m3][ 3 x 10* m][1]/([ 1.7 m/s]*[ 0.045
¢~ Ab

kmol/m3])= 1.1x107 <0.15.

Weisz-Prater Criterion for Internal Diffusion for Ammonia Synthesis over
Ru/CeOz-N2H4

_ T’A pcﬁz
nce,

e

If ¢ = < 1, the internal mass transfer effects can be neglected. (S2)

~74'= reaction rate of nitrogen, kmol /(Kgca:'s)

pe = solid catalyst density (kg m™3)

R = catalyst particle radius, m

pp = bulk density of catalyst bed, kg/m?

Cap = bulk gas concentration of nitrogen, kmol/m?3
k. = mass transfer coefficient, m/s

D, = effective gas-phase diffusivity, m?/s

- r, pk*
Cp = #’00: [3.1 x 10® kmol-N,/kg-cat-s] x [ 4x103 kg-cat/m?] x [3 x 10* m]?/ ([3.34
e Ab

x 106 m?/s] x [0.045 kmol/m?]) = 7.4x105 < 1

Mears Criterion for External (Interphase) Heat Transfer for Ammonia Synthesis

over Ru/Ce0,-N,H,

1~ AH, (-1, )P,RE

5 <0.15
hT, R,

(S3)
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[136.9 kJ/molx 3.1 x 108 kmol-N,/(kg-cat*s) x 910 kg-cat/m? x3 x 10 mx 150 kJ/mol] / [185.3

kJ/m?.K.s x 6732 K?x 8.314 x103 kJ/mol.K]= 2.5x107<0.15

Mears Criterion for Combined Interphase and Intraparticle Heat and Mass

Transport for Ammonia Synthesis over Ru/CeO,-N,H,4

-r', R’ - 1+0.33yy
C,D, |n-7,81+0.33n0) 4
Y= E
R, (S5)
y, = E
L=
kI, (S6)
(_ AHV )DeCAb
B, = AT
b (S7)
— (_ A]_Ir)_’”'A R
T
(S8)
e -r', R
chAb (89)

y = Arrhenius number; 8, = heat generation function;
A = catalyst thermal conductivity, W/m.K;
x = Damkdohler number for interphase heat transport

@ = Damkoéhler number for interphase mass transport

—r, p,R°
—(,’A gb =[3.1 x 10® kmol-Ny/kg-cat's x 910 kg-cat/m*x (3 x 10)> m?]/ ([3.34 x 10° m?%/s]
Ab~ e

x [0.045 kmol/m3]) = 1.7x107

1+ 0.33yy 15
7 — 7,80 +0.33n0)
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Left member < Right member
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Table S1 Catalytic performance of Ru-based catalysts on various supports.

Rate TOF®? Reaction SV Re

Samples
(umol g ' h™!)  (Ru atom™' s7") conditions (mLg'h) f

Ru/Ce0O,-H, 3987 11.3x1073 IMPa, 400 °C 36 000 This
Ru/Ce0,-N,H, 5521 15.6x1073 IMPa, 400 °C 36 000 work
Ba-Ru/Al,O; 2796 1.7x1073 IMPa, 400 °C 36 000 1
Ba-Ru/Al,O; 2083 1.3x1073 IMPa, 400 °C 18 000 1
Ru/Ti-Ce-S 14 580 14.1x1073 IMPa, 400 °C 36 000 2
Ru/CeO, 4394 4.2x1073 IMPa, 400 °C 36 000 2
Ru/TiO, 836 8.0x1074 IMPa, 400 °C 36 000 2
Ru/TiO;-anatase 324 3.1x107* 1MPa, 400 °C 36 000 2
Ru/TiO,-rutile 530 5.1x1074 IMPa, 400 °C 36 000 2
Ru(10%)/Ba-Ca(NH,), 60 400 16.9x1073 0.9MPa,360°C 36 000 3

50 000 14.0x1073 0.9MPa,400°C 36 000
Ru(6%)-Cs/MgO 23 000 6.5x1073 0.9MPa,400°C 36 000 3
Ru(9.1%)-Ba/AC 8285 2.6x1073 1 MPa, 400 °C 18 000 4
Ru(6%)-Cs/MgO 12 117 5.7x1073 1 MPa, 400 °C 18 000 4
Ru(4%)/C12A7:e 6089 4.3x1073 1 MPa, 400 °C 18 000 4
Ru(5%)/Ce0O, 7200 4.0x1073 0.9MPa,400°C 18 000 5
Ru(5%)/MgO 1800 1.0x1073 0.9MPa,400°C 18 000 5
Ru(7.8%)/Y5Si3 4100 1.5x1073 1 MPa, 400 °C 18 000 6
Ru(4%)/r-CeO, 3830 2.7x1073 1 MPa, 400 °C 18 000 7
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Ru(4%)/c-CeO,

Ru(4%)/p-Ce0O,

Ru(S%)/Lao,5Ceo,5O] 75

Cs-Ru(1%)/MgO

Ru(1%)/BaTiO;

Ba-Ru/A1203-980

Ba-Ru/gC-Al,04

1289

529

65 000

2700

4100

7217

4219

0.9x1073

0.4x1073

36.5x1073

1.0x1073

1.5x1073

4.5x1073

2.6x1073

1 MPa, 400 °C

1 MPa, 400 °C

1 MPa, 400 °C

5 MPa, 400 °C

5 MPa, 400 °C

1 MPa, 400 °C

1 MPa, 400 °C

18 000

18 000

72 000

66 000

66 000

60 000

18 000

10

2 based on total number of Ru atoms
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Table S2 The amount of Ru species and textural properties of CeO, and Ru catalysts

Surface area Pore volume Average pore size
Samples Ru (wt%) @
(m*/g™") (emg™) (nm)
CeO, - 18 0.04 13
Ru/Ce0O,-H, 0.985 20 0.05 16
Ru/Ce0,-N,H,4 0.966 58 0.34 26

3 obtained by ICP analysis.
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Table S3 CO chemisorption of Ru catalysts

amount of exposed surface Ru

Samples Veo (ml gh) Dco (%) 2
atoms (umol g™1)2
Ru/CeO,-H, 0.5 23.2 22.3
Ru/CeO,-N,H,4 1.1 49.8 49.1

3 Determined by CO chemisorption, assuming a stoichiometry of Ru/CO = 1.
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Table S4 H, consumption during the H,-TPR measurements over the Ru catalysts.

Theoretical H, H; consumption of the as- H; consumption of the

Samples consumption prepared catalyst (ml g™!) oxidized catalyst (ml g™!)

(mlg™)® @ (<163°C) B(>163°C)  a(<163°C) B (>163°C)

Ru/CeO,-H 44 1.2 0.6 0.2 0.02

Ru/CeO,-N,Hy 4.4 1.7 1.1 0.5 0.05

2 Theoretical H, consumption for Ru reduction of Ru catalysts.
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Figure S1 The SEM image of CeO,.
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Figure S2 HAADF-STEM image and the corresponding element maps of Ru catalysts (a) Ru/CeO,-
N2H4 and (b) RU/C602-H2.
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Figure S3 XRD patterns of CeO, and Ru/CeO, catalysts.
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Figure S4 Raman spectra for CeO, support and Ru/CeO, samples.
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Figure S5 XPS Ru 3d, Ce 3d and O 1s spectra of RuNO;/CeO; (the untreated sample)
and Ru/CeO,-N.
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Figure S6 In situ DRIFT spectra of (a) CO adsorption saturated over Ru catalysts at 50 °C (b)
after 10 min He purging.
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Figure S7 The mass signals of CO, and H,O obtained from CO-TPR study of the Ru catalysts.
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Figure S8 UV-Vis spectra of CeO, and Ru catalysts.
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Figure S9 DRIFTS spectra collected after exposure to D, for 10 min at 50 °C
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Figure S10 The signals of m/z=15 (NH) and m/z=16 (NH, or ND) versus temperature detected by mass
spectrometry during TPSR study in 3.3%N,—10%H,—Ar mixture (a) and (b) D, preadsorption of various
samples, (c¢) and (d) different atmospheres Pre-adsorption over Ru/CeO,-N,H,.
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